Introduction
Aqueous soluble polymers are important materials utilised in many commercial products, for example, being commonly encountered in detergents and other cleaning products. Significant research has therefore been invested towards the synthesis of water soluble polymers using a variety of polymerisation techniques including the use of flow chemistry as an advantageous processing tool. 1 A principal advantage of flow polymerisation is the ability to rapidly screen various parameters for the fast optimization of the polymers synthesis. Indeed, several papers have described the possibility to follow a reaction in-line or on-line, [2] [3] [4] and thus analyse real time data to optimise the process. 5 In an ideal laboratory scenario the reaction conditions would be screened and used to prepare the polymer at a preparative scale, this would be followed by its direct purification and linked to analysis either in-line or on-line. Unfortunately, purification is often a very time consuming step, this therefore creates a fundamental disconnect in the ability to perform flow synthesis of new test polymers.
We therefore wished to investigate this current limitation in polymer purification directed at bridging flow synthesis and polymer analysis. To this end several polymer purification techniques are available depending on a combination of factors such as the polymerisation technique used, the chemical structure of the polymer and on the relevant application of the final polymer. For some applications a high purity, narrow dispersity, polymer is required, for example in certain medicinal applications [6] [7] [8] [9] or in organic photovoltaic devices; 10 however other applications such as thickeners or surfactants do not necessarily require polymers with such precise dispersity. As we had previously been investigating aqueous polymers for bulk application in household products we decided to concentrate upon this area. 11 Dialysis is a proven method for the efficient purification of a broad range of macromolecules such as enzymes, 12, 13 proteins, 13 polysaccharides, 14 lignin sulfonates, 15 and polymers. [16] [17] [18] [19] The concept of dialysis is the diffusion of material across a gradient from a high concentration to a lower concentration across a porous membrane. 20, 21 Several variations of dialysis exist, such as counterflow and microdialysis systems. 22 As a further extension of dialysis, ultra-filtration can be used 23 and again several variations are available, for example centrifugal, 24, 25 and tangential/crossflow ultra-filtration. 26 The added advantages of ultrafiltration are that it is less time consuming and allows for the direct concentration of samples. Furthermore, different molecular weights can be sequentially separated as membranes with various molecular weight cut off (MWCO) are commercially available. However, one drawback of these systems is their limited compatibility with commonly encountered solvents, albeit not an issue for our application. ‡ Therefore based upon an ultra-filtration system we set out to establish a unified synthesis and purification platform for generating aqueous poly(acrylic acid) polymers. Our aim was to develop a system which could deliver a new purified sample; 100 -200 mg dry weight -sufficient for fully analytical assessment, in under 1 h, an hour was targeted as this matched the run times for GPC analyses.
As part of our study several parameters relating to the time needed for purification were envisaged: the ultra-filtration setup (path length and configuration of multiple membranes), monomer conversion, reaction time and concentration. The ‡ The Vivaflow 200 by Sartorius Stedim Biotech is only compatible with the following solvents: water, ethanol (70% w/w), methanol (60% w/w), n-butanol (70% w/w), formaldehyde (30% w/w) and formic acid (5% w/w). monomer conversion will directly influence the time it takes to purify the sample. A high residual content of monomer will inevitably require a longer purification time compared to low residual content. Additionally, the concentration was also expected to influence the time required to cycle the sample through the membrane system, with larger volumes requiring longer times.
Experimental

Materials
Acrylic acid (Alfa Aesar, 99%), 2,2'-azobis(2-methylpropionamidine) dihydrochloride (Sigma Aldrich, 97%) and sodium selenite (Alfa Aesar, 98%) were used without further purification. The flow polymerisation was carried out on a FlowSyn, a reactor system available from Uniqsis Ltd. The purification was performed using Vivaflow 200 hydrosart membranes with a MWCO of 2,000 Da, and a peristaltic pump with adjustable flow rate both available from Sartorius Stedim Biotech. § Each membrane has a surface of 200 cm 2 and is fabricated from stabilized cellulose.
Polymerisation and purification
The polymer samples used for purification were synthesised in accordance with a previously described protocol. 11 The reaction conditions used and the corresponding residual monomer concentrations are shown in Table 1 . The synthesis and purification of the various polymeric samples was performed in a combined system. The membranes were positioned in series, parallel or a combination of these two configurations ( Figure 2 ) and the flow rate was adjusted to the design. The volume of the polymer reservoir was maintained constant by the addition of water by an auxiliary pump adjusted to deliver at the same rate as the extraction. 3 Results and discussion
Translation of Batch to flow
Initially batch dialysis was performed to obtain a reference point for the ultra-filtration purification. Four samples of 25 mL with § A membrane with the smallest possible pore size (MWCO of 2,000 Da) permits purification of the polymer by exclusion of the monomer and oligomers only.
30 mol% (0.2 mM) residual monomer were loaded into twenty centimetres long and four centimetre wide dialysis tubing. These samples were then placed into individual buckets filled with 4 L of water and stirred for the allotted lengths of time (60-240 min) before being removed and analysed by NMR. The MWCO of the dialysis tubing used in the batch purification was specified as 3,000 Da this was higher than the ultra-filtration membranes used (2,000 Da) in the subsequent work but allowed initial benchmarking regarding timings and for the NMR analysis protocols to be validated. The amount of residual acrylic acid ( 1 H NMR between 6.3 ppm and 5.8 ppm) decreased over time (Figure 1 ) where the amount of poly(acrylic acid) (between 2.5 ppm and 1.6 ppm) remained constant. In addition the filtrate was tested and did not contain any polymeric material. The two singlets more prevalent in the upper two spectra situated around 3.5 ppm represent the internal standard namely, dimethoxyethane used to calibrate the amount of residual acrylic acid at t = 0. As the molecular weight of dimethoxyethane is 90.12 g mol -1 this was also separated from the polymer. Using this set-up full purification was not achieved even after four hours ( Figure 1) , with a very small quantity (1%) of acrylic acid still present. This indicates the purification takes over four hours. 
Reactor design and configuration
To operate the ultra-filtration system in an optimal way it is paramount that the pressure of the membrane is maintained at a constant 3 bar. Lower pressure result in an increase in the purification time as less solution and accompanying monomer is passed through the membrane. Too high a pressure results in degradation of the membrane. To achieve a pressure of 3 bar the system has to operate with a flow rate of around 40 mL min -1 for membranes in series or a combination of series/parallel (Figure 2A and 2B). For operation with two or three membranes working in parallel a flow of 80 or 120 mL min -1 respectively is required ( Figure  2C ). The influence of the layout of the membranes on the purifica- a standardized solution of poly(acrylic acid) containing 30 mol% of acrylic acid corresponding to a concentration of 0.2 mM was used. It was quickly determined that the configuration of the membranes did not have a significant influence on the overall purification time, with nearly complete purification being achieved for all set-ups in around 1 h. In general an increase in the membrane contact surface area resulted in a corresponding shorter purification time. It was, however, found to be challenging to equally divide the purification stream when membranes were used in parallel. This was further complicated when investigating combinations of membranes in series and parallel ( Figure 2B ) due to the pressure target of 3 bar. The simple solution of placing three membranes in series was the easiest to operate and therefore this set-up was used for all further research.
Residual acrylic acid removal
Although polymerisation processes can often be driven to completion (consumption of all monomer) through either the use of prolonged reaction times or the addition of extra initiator this often has an impact on the characteristics of the polymers produced (increased branching, cross-linking, molecular weight and dispersity). Under scenarios where reaction conditions are specifically selected to generate bespoke polymers possessing particular molecular weight or dispersity ranges the resulting product mixture could retain drastically different amounts of unconsumed monomer. Therefore we decided to investigate the impact of varying levels of residual acrylic acid within samples on the required purification times. To this end samples representing high (70%, 0.49 mM), medium (29%, 0.2 mM) and low (21%, 0.15 mM) residual acrylic acid were generated (Figure 4 ). Over the first 
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Fig. 4 Influence of residual acrylic acid, 50 mL sample was used.
twenty minutes the relative difference between the different compositions tends towards an equitable level and that in each case full purification was achieved within the range of 40-60 minutes. When the same data is plotted as a log function ( Figure 5 ) it becomes clear that the purification rate is similar for all concentrations if the sample volume is fixed. 
Volume of processed sample
During a typical screening process several different concentrations and sample volumes were evaluated. As well as affecting the polymerisation reaction this will also have an impact on the downstream purification time. To determine the influence of sample concentration and volume on purification, a 0.7 mM solution of poly(acrylic acid) containing 0.2 nM acylic acid was diluted with deionized water to prepare a series of known concentrations (Table 2 ). In each case the volume was correspondingly increased so that each test sample contain an equivalent amount of residual acrylic acid. (Table 2) of residual acrylic acid performed using three membranes in series as shown in Figure 2A .
In cases where a large volume and therefore a low concentration were generated this invariably extended the purification time ( Figure 6 ). Larger sample volumes inherently necessitate longer cycle times due to the maximum flow rates (pressure determined) and fixed internal volume of the extractor unit. The data shows that in general a smaller volume (within the limits of the extractor volume) and higher concentration gives a more efficient purification. However, there are limits imposed by the maximum viscosity of the sample that can be processed as very high viscosity material leads to degradation of the membranes. A strategic balance must therefore be reached addressing the extractor limits (maximum viscosity, system pressure and surface area) against a desire for rapid purification (flow rate) and sufficient processed polymer to enable full analysis and testing (volumetric sample size and concentration). In addition, as our ultimate goal was to couple the purification stage directly to a previously performed flow polymer synthesis and thereby create a unified flow solution we elected to explore a concentration range based upon a flow polymer reactor output. In our previous polymer synthesis work an effective monomer concentration range of 0.4-1 mM had been established for the synthesis of poly(acrylic acid). 11 To attain a sufficient processing volume and an adequate amount of isolated material a dilution factor of 5:1 based upon 5-10 mL of the polymer synthesis stream offered a good compromise. In an example purification procedure a diluted 25 mL sample volume which contained 33% residual acrylic acid (1.2 mmol; 48 mM) was processed. The purification was shown to be complete within 30 minutes (Figure 7 ) and gave 120 mg of dry poly(acrylic acid) which was sufficient for all analysis (solid state and liquid NMR, GPC, etc.). With the successful realisation of this flow purification we next linked the unit directly to a previously devised polymerisation reactor 11 to create a combined system (Figure 8 ). In this two stage process the monomer and initiator are first merged at a T-piece before entering a heated 52 mL FEP (fluorinated ethylene propylene copolymer) coil reactor where the polymerisation takes place. The exiting solution was then directed by a switching valve to either a bulk collection vessel (containing sodium selenite to terminate the polymerisation) or to a feed tank at the front end of the purification unit (normally an aliquot of 5-10 mL). An auxiliary make-up pump was used to deliver water to the feed tank during the purification process maintaining a constant volume. The stock solution from the feed tank was pumped at 40 mL/min to the membrane series maintaining a 3-4 bar pressure gradient. The extruded filtrate is collected to a receiving vessel enabling if so required the re-isolation of the removed monomer. The principle flow line carrying the purifying polymer exits the membrane zone and is diverted to return to the stock feed tank in a recycling mode operation. Sampling of the feed tank and analysis by 1 H NMR allows determination of the residual acrylic acid contamination. Once the solution is deemed purified (∼30 min) a switching valve is used to direct the purified solution to a final collection vessel for full analysis and isolation (this also initiates a reduced feed from the water make-up pump). Using this approach a small volume of the full flow polymerisation stream can be rapidly purified for full analysis whereas the bulk sample is retained for subsequent processing if of interest. Although not integrated into this specific design a simple modification incorporating a liquid handler could be used to exchange the collection and feed vessels (including monomer inputs) allowing a fully automated process. Using the described system a series of poly(acrylic acid) compositions (20-70% residual monomer, Table 1 ; molecular weight range 158,000-378,000 Da) were successfully synthesised and an aliquot purified. In all cases the secondary purification time of 30 minutes was sufficient. Therefore, with the capability to purify a sample within 30 minutes and an initial synthesis time of 5-20 minutes, a new purified polymer sample can be generated approximately every hour (note including changeover time). This means 8-10 samples can be easily synthesised and purified (excluding drying of the sample) during a standard working day.
As a final proof of principle we wished to test the amenability of this approach to another aqueous soluble polymer namely, poly(vinylpyrrolidone). In this case a crude sample was prepared in flow which initially contained 21% residual vinylpyrrolidone (0.15 mM). A 5 mL sample cut from the flow stream was directed into the membrane separator, diluted and then successfully purified in less than 40 minutes. As demonstrated it should in theory be possible to purify several other polymers using the same approach, although certain limitations regarding the membranes compatible with potential solvents and additives would need to be taken into consideration.
Conclusions
In conclusion, we have demonstrated that a simple and practical flow system can be constructed from commercially available parts to rapidly unify the synthesis and purification stages of water soluble polymer preparation. The configuration of the downstream membrane separation unit was optimised allowing the entire process of synthesis and then purification to be conducted within one hour. By operating the unit in an iterative sequential mode, multiple samples can be processed using the same device over the course of a working day. This unit is ideally suited to research endeavours facilitating reaction optimisation and material property screening of new polymeric materials by yielding purified sample suitable for full spectral and analytical analysis. 
